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The study of T cell memory and the target of vaccine
design have focused onmemory subsumedby Tcells
bearing theab T cell receptor. Alternatively,gd T cells
are thought to provide rapid immunity, particularly at
mucosal borders. Here, we have shown that a distinct
subset of mucosal gd T cells mounts an immune
response to oral Listeria monocytogenes (Lm) infec-
tion and leads to the development of multifunctional
memory T cells capable of simultaneously producing
interferon-g and interleukin-17A in the murine intesti-
nal mucosa. Challenge infection with oral Lm, but not
oral Salmonella or intravenous Lm, induced rapid
expansion of memory gd T cells, suggesting contex-
tual specificity to the priming pathogen. Importantly,
memory gd T cells were able to provide enhanced
protection against infection. These findings illustrate
that gd T cells play a role with hallmarks of adaptive
immunity in the intestinal mucosa.
INTRODUCTION
The ability of our body to generate long-lasting immunity has
become the foundation of strategies for vaccinating against
life-threatening pathogens. The cellular and molecular basis for
this protection has more recently been attributed to generating
long-lived memory T and B cells with the capacity to rapidly
respond to pathogen re-exposure. T cell memory has tradi-
tionally been studied in the context of CD8+ and CD4+ T cells
expressing an ab T cell receptor (TCR) (ab T cells), but recent
identification of nonconventional memory lymphocyte subsets
(Sun et al., 2009; O’Leary et al., 2006; Paust et al., 2010) has pro-
vided incentive to reevaluate the ability of gd T cells to generate
memory populations. Overall, gd T cell responses have been
studied in the context of rapid, innate immunity, and these
studies have rarely focused on gd T cells as an arm of adaptive
immunity. In primates, a few notable studies have demonstrated
that a population of Vg9Vd2+ T cells respond to a challenge infec-
tion with recall-like expansion (Shen et al., 2002; Shao et al.,
2009; Ryan-Payseur et al., 2012). However, in those studies,184 Immunity 39, 184–195, July 25, 2013 ª2013 Elsevier Inc.the role of the responding gd T cell populations in the overall
response is not easily addressed, and their contribution to
protection is unclear. Given this, we decided to examine the gd
T cell response following oral Listeria monocytogenes (Lm)
infection in mice.
Lm is a widely utilized pathogen for understanding immunity,
and gd T cells appear to play both inflammatory and regulatory
roles in response to Lm infection (Rhodes et al., 2008; Hamada
et al., 2008b). However, immunity to oral Lm infection has not
been widely studied because infection of mice with most avail-
able Lm strains does not mimic natural infection. In this study,
a bacterial mediator of invasion, internalin A (InlA), was modified
to interact with murine E-cadherin and facilitate intestinal epithe-
lial cell (IEC) invasion of mice (Mengaud et al., 1996; Lecuit et al.,
1999; Wollert et al., 2007). This modified pathogen invades
murine IECs when inoculated orally, recapitulating human
Listeria infection (Wollert et al., 2007). In this manner, we could
examine gd T cell immunity in the intestinal mucosa after a true
enteric infection.
gd T cells are present in small numbers in most tissues of naive
mice. However, their presence ismarkedly pronounced at barrier
surfaces. In particular, the intestines, lungs, reproductive tract,
and skin maintain high proportions of gd T cells. In the intestinal
epithelium, a large percentage of intraepithelial lymphocytes are
gd T cells (Goodman and Lefranc¸ois, 1988; Goodman and
Lefrancois, 1989), and these express multiple V regions with a
high degree of junctional diversity (Asarnow et al., 1989). In
contrast, gd T cells in the skin, lungs, and reproductive tract
express canonical TCRs with no or very limited junctional diver-
sity (Allison and Havran, 1991). These cells are produced from
the fetal and neonatal thymus, seed the epithelial surfaces in
which they reside, and are maintained without further thymic
input (Haas et al., 2012; Carding and Egan, 2002). On the other
hand, gd T cells expressing less restricted TCRs mainly reside
in peripheral lymphoid tissues, such as the lymph nodes (i.e.,
Vg1 and Vg2), and develop later in ontogeny (Carding and
Egan, 2002; Korn and Petermann, 2012).
Distinct gd T cell subsets are thought to be important for con-
trolling Listeria infection and regulation of anti-listerial immunity
(Hamada et al., 2008b; Hamada et al., 2008a; Rhodes et al.,
2008). On one hand, gd T cells responding to Listeria infection
are an important source of the regulatory cytokine interleukin-10
(IL-10) (Rhodes et al., 2008; Hsieh et al., 1996), but gd T cells are
also an important source of the proinflammatory cytokine
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nity (Lockhart et al., 2006; Hamada et al., 2008b; Meeks et al.,
2009). In naive mice, IL-17-producing gd T cells are typically
found in peripheral lymph nodes (pLNs) and are characterized
as CD27 CD44hi (Ribot et al., 2009). Vg2+ (Ribot et al., 2009;
Roark et al., 2007; Hamada et al., 2008b) and Vg4+ (Haas
et al., 2012) gd T cells produce IL-17 in adult and neonatal
mice, respectively. Similarly to that of CD4+ helper T cells, gd
T cell fate is determined by the expression of transcription fac-
tors that function as master regulators of cytokine production.
Thymic gd T cells have high baseline expression of the transcrip-
tion factor RORgt, whereas signaling through CD27 and the TCR
induces T-bet transcription factor expression and developmen-
tally imprints gd T cells for interferon-g (IFN-g) production (Ribot
et al., 2009; Turchinovich andHayday, 2011; Jensen et al., 2008).
Thus, the production of IFN-g and IL-17A appears to be mutually
exclusive as a result of specific developmental cues, although
in vitro activation of human gd T cells drives simultaneous
production of IFN-g and IL-17 (Haas et al., 2009; Caccamo
et al., 2011).
One notable exception to the distribution of IL-17A-producing
gd T cells appears to be their nearly complete absence from the
mesenteric lymph nodes (MLNs) (Do et al., 2012), suggesting
tissue-specific migration or retention of this population. Given
this and the role for gd T cells in responses to bacterial infections,
we examined themucosal gd T cell response to oral Lm infection.
Our findings did not reveal an expected innate-like gd T cell
response but rather identified a mucosal gd T cell response
that shared numerous characteristics with an adaptive ab
T cell response. The responding mucosal gd T cells were poly-
functional and comprised both IL-17A and IFN-g producers
and notably IL-17A and IFN-g double producers. Moreover,
the mucosal gd T cell subset was retained long term and under-
went extensive expansion upon oral challenge. Importantly,
these Lm-elicited gd T cells collaborated with ab T cells to
mediate protection against secondary infection. These findings
illustrate that gd T cells play a role with hallmarks of adaptive anti-
microbial immunity in the intestinal mucosa. The preferential
localization of memory gd T cells to the intestinal mucosa might
provide novel therapeutic opportunities for the treatment of
intestinal diseases.
RESULTS
A Unique Subset of gd T Cells Is Elicited by Oral Lm
Infection and Transitions into the Memory Phase
After oral Lm infection, a large population of CD27 CD44hi gd
T cells, which were not present in naive mice, appeared in the
MLNs and represented 50% of the total gd T cells (Figure 1A).
Furthermore, only the CD27 CD44hi gd T cells in the MLNs
incorporated bromodeoxyuridine (BrdU) after a 2-day pulse
6–7 days postinfection (dpi), demonstrating preferential reac-
tivity of this subset to Lm infection (Figure S1A, available online).
This population was maintained for at least 5 months after infec-
tion and rapidly recalled to a secondary challenge (Figure 1A).
Whereas a population of CD27 CD44hi gd T cells was consis-
tently observed in the pLNs of naive mice, a correspondingly
similar increase in CD27 CD44hi gd T cells was not observed
in the pLNs of 9 dpi mice (Figure 1B), suggesting that the Lm-elicited gd T cell response was limited to mucosal tissues. More-
over, MLN-derived CD27CD44hi gd T cells were phenotypically
distinct from innate-like (identified as CD27 CD44hi) IL-17-pro-
ducing gd T cells from the pLNs given that they lacked CD103,
chemokine receptor CCR6, and Vg2 but expressed high T-bet
and comparable RORgt (Haas et al., 2009; Gray et al., 2011) (Fig-
ure S1B). Further phenotypic analysis of Lm-elicited MLN-
derived CD27 CD44hi gd T cells demonstrated characteristics
consistent with both innate and adaptive T cells given that they
expressed high levels of common gamma chain cytokine recep-
tors CD127 and CD25 and intermediate CD122 (Figure S1C).
However, they did not express CD62L and were heterogeneous
for Ly6C and CD43 (Figure S1C).
Because the Lm-elicited MLN gd T cells appeared distinct
from CD27 CD44hi pLN gd T cells, we sought to identify the
TCR V region usage of Lm-responding cells. Using currently
available antibodies, we determined that Lm-elicited CD27
CD44hi MLN gd T cells did not express the Vg1.1, Vg2, Vg3, or
Vg5 TCRs or the Vd4 or Vd6.3/2 TCRs (Garman et al., 1986), sug-
gesting that these cells expressed the Vg4 TCRchain (Figure 1C).
Using a dump-gate strategy employing all of the available Vg
TCR antibodies, we demonstrated that the vast majority of Vg4
gd T cells were CD27 CD44hi, indicating the reciprocal nature
of this identification strategy (Figure 1D). These results were
confirmed by reactivity with the 17D1 antibody in gd T cells
from Lm-immune mice at the memory phase and after recall
infection (Figure 1E). 17D1, an antibody which typically identifies
Vg3Vd1 T cells, can instead identify Vg4Vd1 T cells if it is used
after preincubation with the pan-gd-specific mAb GL3 (Roark
et al., 2004). Sequencing of the Vg4 and Vd1 TCRs from sort-
purified cells further confirmed Vg4Vd1 TCR usage (Tables 1
and 2). Whereas the Lm-elicited population predominantly
utilized canonical Vg4 and Vd1 TCRs, a subset of Vd1 TCRs
displayed diversity consistent with N additions surrounding the
D region of the TCR.
Lm-Elicited gd T Cells Rapidly Mobilize into the Blood
and Migrate to the Lamina Propria, but Not to the
Epithelium
The memory characteristics of the Lm-elicited gd T cell popula-
tion were exemplified by the rapid appearance of Vg4+ T cells in
the blood after primary and secondary infections, demonstrating
anamnesis (Figure 2A). Moreover, the secondary gd T cell
response was more rapid and robust than the primary response,
reminiscent of a bona-fide memory response (Figures 2A and
S2A). Although antigen-presenting cells (APCs) in the MLNs
imprint mucosal homing molecules on ab T cells (Mora et al.,
2005), this has not been demonstrated for gd T cells. Transient
upregulation of the mucosal addressin a4b7 on Lm-elicited
Vg4+ gd T cells in the blood after primary and secondary infec-
tions implied instructional imprinting by APCs for intestinal
migration (Figure 2B). Given this, we determined whether this
population also accumulated within the intestinal effector sites:
the lamina propria (LP) and the intestinal epithelium. Consistent
with the expansion of CD27 CD44hi gd T cells in the MLNs, a
large population of Vg4+ gd T cells emerged in the LP and con-
tracted to form a stable memory population, which rapidly reac-
tivated after secondary exposure to Lm (Figure 2C). Interestingly,
the Vg4+ gd T cell subset was not found in the intraepithelialImmunity 39, 184–195, July 25, 2013 ª2013 Elsevier Inc. 185
Figure 1. A Distinct Subset of Lm-Elicited gd T Cells Transitions into the Memory Phase and Recalls to a Secondary Challenge
(A and B) Representative contour plots are gated on gd T cells (identified by staining with GL3, a Cd TCR-specificmAb) fromMLNs (A) or pLNs (B) on the indicated
day postinfection (dpi). Values represent the percentage of cells within the indicated gates. See also Figure S1.
(C) Representative histograms gated on total naive gd T cells or indicated subsets from the MLNs of 10 dpi mice were analyzed for expression of the indicated Vg
or Vd regions. Values corresponding to the percentage of cells within the gated population are shown.
(D) Two distinct gating strategies identify Lm-elicited gd T cells. Representative contour plots of gd T cells from 9 dpi MLNswere analyzed for CD27, CD44, Vg1.1,
Vg2, Vg3, Vg5, and CD8a. Values corresponding to the percentage of cells within the gated population are shown.
(E) 17D1 identifies Vg4Vd1-expressing T cells after preincubation with GL3. gd T cells from the MLNs of memory mice and memory mice given a secondary oral
infection were characterized for CD27 and CD44 expression and 17D1 reactivity. Red contour represents CD27 CD44hi gd T cells, and blue contour represents
CD27+ gd T cells.
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suggesting distinct regulation of this effector cell subset (Fig-
ure 2C). Although there are very few CD27 CD44hi gd T cells
in the MLNs of a naive mouse, we identified a small population
of Vg4+ gd T cells in the MLNs, pLNs, and LP of naive mice,
and these represented 10%–15% of the total gd T cells (Fig-
ure 2C). In naive mice, this population—composed of three
approximately equally sized subsets—was phenotypically het-
erogeneous in theMLNs on the basis of CD27 and CD44 expres-
sion (Figure 2D). However, 17D1-reactive gd T cells in the MLNs186 Immunity 39, 184–195, July 25, 2013 ª2013 Elsevier Inc.of naive mice displayed a homogenous CD27 CD44hi pheno-
type, suggesting that Lm-elicited gd T cells might be derived
from this population (Figure S2B). After infection, the majority
of Vg4+ CD8a T cells that expanded in the MLNs and LP
were CD27 and CD44hi. Further, the population of gd T cells
that accumulated in the LP expressed high levels of CD127
and CD44 and lacked expression of CD27 and CD103, similar
to the Lm-induced MLN-derived gd T cells but distinct from
pLN CD27 CD44hi gd T cells (Figures 2D and S1B). In addition,
in no case did the Vg4+ cells in the pLNs respond to infection




tides J Region Frequency
In-Frame
Translation
Canonical EATYYCACW - DSSGF 48/50 yes
EATYYCAW - DSSGF 1/50 no
EATYYCACW - YSSGF 1/50 yes
Vg4 sequences were determined from sorted CD27 CD44hi gd T cells
from the MLNs of mice infected 9 days previously. Canonical Vg4 TCR
amino acid junctional sequences are displayed in reference to their
frequency and in-frame translation. The data are a compilation of
sequences obtained from two independent experiments.
Immunity
Mucosal Memory gd T Cells to Oral Lm Infection(Figure 2C). Taken together, these data suggest that in response
to oral infection, a specific subset of Vg4+ gd T cells is activated
in the MLN, mobilizes into the bloodstream, and subsequently
homes to the LP, where it is maintained long term and undergoes
a robust response to secondary oral Lm infection.gd T Cells from Lm-Immune Mice Rapidly Respond to
Secondary Infection
We further examined the specificity and kinetics of the recall
response by analyzing the response in orally primed Lm-immune
mice after a secondary oral or intravenous (i.v.) challenge. After
oral rechallenge, an increase in the CD27 CD44hi gd T cell sub-
set in the MLNs was evident by day 3, peaked at day 5, and
began to decline at day 8 (Figure 3A). Consistent with the primary
gd T cell response, other subsets of gd T cells failed to expand
after a secondary oral Lm infection, suggesting that the CD27
CD44hi gd T cell subset selectively responded to the priming
pathogen. Moreover, memory gd T cells responded comparably
to a bona-fide antigen-specific memory ab CD8+ T cell recall
response. Indeed, the gd T cell response was greater in magni-
tude than the ab CD8+ T cell recall response to the immunodo-
minant LLO91–99 epitope (Figure S3A). Lm-elicited gd T cells
were also able to undergo further expansion, consistent with
traditional memory T cell prime boosting following repeated
challenges (Figure 3B).
In contrast to the secondary oral challenge, the secondary
i.v. infection of orally primed mice failed to induce expansionTable 2. Lm-Elicited gd T Cell Vd1 TCR Sequences
Vd1 TCR Sequences
V Region N Nucleotides D1 Region N N
Canonical GTYYCGSD - IGG -
Noncanonical GTYYCGSD - IGG IRA
GTYYCGSD I VGG IRA
GTYYCGSD - IGG T
GTYYCGSD - RRD T
GTYYCGSD M G -
GTYYCGSD I SEG Y
GTYYCGSD - IGG -
Vd1 sequences were determined from sorted CD27CD44hi gd T cells from
Vd1 TCR amino acid junctional sequences are displayed in reference to
sequences obtained from two independent experiments.of any subset of gd T cells in the MLNs of an Lm-immune
mouse, demonstrating that the route of infection dictates recall
of Lm-elicited CD27 CD44hi gd T cells (Figure 3A). To rule out
sequestration of replicating Lm from the MLNs after an i.v.
infection, we examined gd T cell responses in the liver and
spleen of Lm-immune mice. First, both i.v. and oral infections
with Lm resulted in high bacterial burdens in the liver and
spleen (Figure S3B). Not surprisingly, the bacterial burdens
were more elevated in the liver after an i.v. versus an oral infec-
tion. Despite the nearly 100-fold increase in bacterial burden in
the liver, i.v. infection did not induce the expansion of CD27
CD44hi gd T cells in the spleen or liver (Figure S3C). Moreover,
i.v. challenge infection of orally primed mice failed to induce
expansion of Lm-elicited gd T cells residing in the liver (Fig-
ure S3D). However, expansion of gd T cells in the liver occurred
after oral infection of orally primed mice. It should be noted that
both routes of infection generated a comparably robust anti-
gen-specific CD8+ T cell response in the spleen and liver,
suggesting that distinct mechanisms regulate the expansion
of Lm-elicited gd and ab T cells (Figure S3C). The inability of
i.v. infection of orally primed mice to induce expansion of Lm-
elicited CD27 CD44hi gd T cells in the MLNs and liver suggests
that replicating bacteria and associated pathogen-associated
molecular patterns (PAMPs) alone are insufficient to induce
expansion of Vg4+ gd T cells. Although the issue of gd T cell
specificity remains enigmatic, we tested whether infection
with another intestinal bacterial pathogen could trigger a recall
response in the Vg4+ CD27 CD44hi T cell subset. Mice were
primed by oral Lm infection and 64 days later were challenged
by oral infection with Lm, S. typhimurium BRD509 (attenuated),
or S. typhimurium SL1344 (pathogenic). Five days later, a sub-
stantial increase in the CD27 CD44hi gd T cell subset was
evident after Lm infection, but not after S. typhimurium infection
of either strain (Figure 3C), despite substantial bacterial
(S. typhimurium) burden and immune activation in the MLNs
(Figure S3E). Moreover, only secondary Lm infection induced
upregulation of a4b7 expression on gd T cells (Figure 3D). Taken
together, these data suggest that PAMPs or cytokines alone
are unable to induce reactivation of Lm-elicited memory gd
T cells. Moreover, these results indicate a contextual specificity
of the secondary gd T cell response to the intestinal priming









the MLNs of mice infected 9 days previously. Canonical and noncanonical
their frequency and in-frame translation. The data are a compilation of
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Figure 2. Mobilization of Lm-Elicited gd T Cells Results in Accumu-
lation within Intestinal Lamina Propia, but Not within the Epithelium
(A and B) Bloodwas collected from Lm-infectedmice and analyzed for GL3, Vg
chain (A), and a4b7 (B) expression. Mice (three to five per group) were given a
secondary Lm infection at 30 dpi andweremonitored for an additional 11 days.
Subsets labeled Vg4 specifically refer to gd T cells, which do not express
Vg1.1, Vg2, Vg3, or Vg5. Data represent themean ± SEM. See also Figure S2A.
(C) Representative contour plots are gated on gd T cells from pLNs, MLNs,
IELs, and the lamina propia (LP) at the indicated times after infection. Values
represent the percentage of cells within the indicated gates. Representative
contour plots are shown from multiple experiments with three to four mice per
group.
(D) Representative contour plots gated on Vg4+ CD8a gd T cells (as indicated
in C) from the MLNs and LP were characterized for expression of CD44 and
CD27 or CD127 and CD103. See also Figure S2B.
Figure 3. Lm-Elicited gd T Cells Display Contextual Specificity to the
Priming Pathogen
(A) Mice infected 170 days previously were challenged either by oral (po)
infection with 2 3 1010 CFU of Lm or by i.v. infection with 2 3 105 CFU of Lm.
MLNs were harvested at the indicated times after secondary infection for
the enumeration of gd T cells on the basis of CD27 and CD44 expression. Data
are displayed as the mean ± SEM and are representative of at least two in-
dependent experiments with three to four mice per group. See also Figures
S3A–S3D.
(B) Mice that had received a secondary infection were rested an additional
124 days prior to a tertiary oral Lm infection with 2 3 1010 CFU of Lm, and gd
T cells were analyzed for CD27 and CD44 expression 5 days later (red squares
represent individual mice). Data represent the mean ± SEM.
(C and D) gd T cells from theMLNs of oral Lm-immunemice or oral Lm-immune
mice rechallenged by oral infection with Lm, S. typhimurium strain BRD509, or
S. typhimurium strain SL1344 were analyzed 5 days later for CD27 and CD44
expression (C) and a4b7 expression on CD27 CD44hi gd T cells (D). Repre-
sentative data are displayed as the mean ± SEM from two independent ex-
periments with three to four mice per group. See also Figure S3E.
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Producing gd T Cells
Cytokine production by naive pLN-derived gd T cells is segre-
gated on the basis of CD27 expression, whereby CD27+ gd188 Immunity 39, 184–195, July 25, 2013 ª2013 Elsevier Inc.T cells produce IFN-g and CD27 gd T cells produce IL-17A
(Ribot et al., 2009). Contrary to this pattern of cytokine produc-
tion, after oral Lm infection, substantial amounts of IFN-g and
IL-17A were produced by CD27 CD44hi Lm-elicited gd T cells
after CD3 crosslinking (Figures 4A and 4B). In addition, only a
minor subset of CD27+ gd T cells produced IFN-g, and this profile
remained unchanged during distinct phases of the immune
response to oral Lm infection (Figure 4A). Surprisingly, three
distinct populations of cytokine-producing gd T cells were
induced in response to a primary oral Lm infection. Approxi-
mately 45% of the CD27 CD44hi gd T cells produced IL-17A,
whereas35% produced IFN-g. Most importantly, a substantial
population of MLN gd T cells was capable of simultaneously pro-
ducing IFN-g and IL-17A. However, >3 months after infection,
small subsets of memory gd T cells produced either IFN-g or
IL-17A, but not both. These findings indicate that the transition
Figure 4. Evolution of the Cytokine
Response from Lm-Elicited gd T Cells
(A and B) MLNs from naive mice or mice infected
with Lm were stimulated with aCD3- and aCD28-
coated beads for 5 hr in the presence of brefeldin
A. gd T cells were analyzed for CD27, CD44, IL-
17A, and IFN-g after stimulation. Representative
dot plots from three to five mice per group and at
least two experiments are displayed in (A) and
represent the mean ± SEM in (B). See also
Figure S4.
(C and D) MLNs from Lm-infected mice were
stimulated with beads as described in (A). gd
T cells were analyzed for IL-17A (C) and IFN-g (D)
after stimulation. Representative dot plots show
the total CD3+ cells from three to five mice per
group and values of the percentage of cells within
gated quadrants (upper panels). GL3 expression
was determined from histograms gated on IL-17A
(C)- or IFN-g (D)-producing T cells from the MLNs
of infected mice. The numbers within the histo-
grams refer to the percentage of cells within the
indicated gates.
(E) MLNs were harvested from infected mice, and
gd T cell subsets were analyzed for intracellular
expression of T-bet and RORgt. Representative
histograms are shown for experiments with four to
five mice per group.
Immunity
Mucosal Memory gd T Cells to Oral Lm Infectionfrom effector cells to memory cells includes alterations in cyto-
kine-producing abilities, just as occurs with memory ab T cells.
Upon secondary infection, a robust induction of cytokine pro-
duction occurred: 70% of the cells produced high amounts
of IL-17A and 25% of these cells also produced IFN-g,
whereas only a small subset solely produced IFN-g (Figures 4A
and 4B). Indeed, the Lm-elicited gd T cell response became
more pronounced relative to a polyclonally stimulated ab T cell
response between the primary and secondary infections. The
gd T cells, but not the ab T cells, were the predominant source
of IL-17A, but not IFN-g, after both primary and secondary chal-
lenges (Figures 4C and 4D). Even though IFN-g is predominately
produced by ab T cells, the contribution from gd T cells increased
relative to the primary response. Additionally, CD27 CD44hi
MLN gd T cells lacked granzyme B expression, suggesting an
absence of lytic ability (Figure S4). Collectively, these data sup-
port the notion that responding gd T cells functionally evolveImmunity 39, 184–through each phase of the immune
response to infection from primary
effector cells to memory cells to second-
ary effector cells. This process causes a
specific mucosal gd T cell subset to
become the predominant source of IL-
17A while substantially increasing their
contribution to IFN-g production.
Considering the cytokine-producing
abilities just noted, we directly examined
ex vivo the expression of transcription
factors T-bet and RORgt, which control
IFN-g and IL-17A production, respec-
tively. Surprisingly, populations ofCD27 CD44hi gd T cells in the MLNs expressed both T-bet
and RORgt during all phases of the immune response (Fig-
ure 4E). Dual expression of T-bet and RORgt was especially
prominent after primary and secondary infections but also
occurred during memory homeostasis. At the memory phase,
CD27 CD44hi gd T cells exhibited bimodal expression of
T-bet, which was rapidly upregulated after recall (Figure 4E).
In contrast, CD27 CD44hi gd T cells retained high expression
of RORgt during the memory phase, and this expression re-
mained elevated after the secondary challenge. These data
point to distinct fates of the cytokine-producing lineages during
evolution of the response and indicate a substantial potential
for plasticity, particularly in the development of secondary gd
effector T cells from resting memory cells. Further, these data
demonstrate long-term maintenance of simultaneous expres-
sion of T-bet and RORgt by gd T cells responding to primary
and secondary infections.195, July 25, 2013 ª2013 Elsevier Inc. 189
Figure 5. MHC-II-Expressing Cells Substantially Contribute to Lm-Elicited gd T Cell Effector Functions
(A–D) A total of 13 106 MLNs from Lm-immune Thy1.2 mice (A and B) or Lm-immune Thy1.2 mice 5 days after secondary oral Lm infection (C and D) were mixed
with 1 3 106 MLNs from Thy1.1 congenic mice as indicated above the contour plots or were left unstimulated. IL-17A and IFNg production was determined by
intracellular cytokine staining of Thy1.2+ gd T cells after 5 hr in vitro in the presence of brefeldin A. Red contour represents CD27 CD44hi Thy1.2+ gd T cells, and
blue contour represents CD27+ Thy1.2+ gd T cells. The values in the contour plots represent the percentage of cytokine-producing cells from CD27 CD44hi gd
T cells. Data are representative of at least two independent experiments.
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the antigen specificity of gd T cells responding to pathogenic
insult. To begin to examine the requirements for gd T cell
activation, we used cells from the MLNs of day 2 Lm-infected
mice to stimulate memory gd T cells in culture. MLNs from 2
dpi mice induced maximal expansion of naive CD8+ T cells
and contained high numbers of migratory APC populations,
indicating that 2 dpi is an optimal time in which to examine
the potential for the induction of cytokine expression (data
not shown). Activation of memory gd T cells in these cultures
resulted in the induction of IFN-g and IL-17A production to
amounts that were similar to those induced by anti-CD3
stimulation (compare Figures 5A and 5B with Figure 4A). In
addition, in vitro stimulation of effector gd T cells with infected,
but not uninfected, MLNs induced substantial amounts of IL-
17A and IFN-g (Figure 5C). In both cases, depletion of cells ex-
pressing major histocompatibility complex class II (MHC II)
molecules prior to stimulation substantially reduced cytokine
induction. Taken together, these data suggest that an MHC-190 Immunity 39, 184–195, July 25, 2013 ª2013 Elsevier Inc.II-expressing cell is crucial for cytokine induction from mucosal
gd T cells.
Lm-Elicited gd T Cells Provide Protection after
Secondary Infection
To determine whether the gd T cell memory population is
involved in anti-listerial immunity, we depleted Lm-immunized
mice of CD4+ and CD8+ T cells (Figure S5A) with or without treat-
ment with mAbs specific to Cd (GL4) or Vg1.1 and Vg2 prior to
secondary oral Lm infection. Consistent with other anti-TCRgd
mAb treatments, which resulted in TCR internalization (Koe-
necke et al., 2009), GL4 mAb (Goodman and Lefrancois, 1989)
treatment induced internalization of the gd TCR and CD3 com-
plex (Figure S5B) and thereby hindered the ability of gd T cells
to respond after oral Lm infection (Figure S5C). Immune mice
were nearly completely protected against infection in the MLNs
and intestines (Figure 6). Treatment with anti-Cd alone did not
affect protection, whereas CD4+ and CD8+ T cell depletion
resulted in only a minimal loss of protection, indicating that ab
Figure 6. gd T Cells Collaborate with ab T Cells to Protect against
Secondary Infection
Naive mice or Lm-immune mice treated with the indicated combinations of
GK1.5 (aCD4), 2.43 (aCD8), GL4 (aTCRd), 2.11 (aVg1.1), and UC3-10A6 (aVg2)
were orally infected with 2 3 1010 CFU of Lm. Bacterial burden was enumer-
ated in the MLNs and small intestine 4 days later. Data are presented as the
mean ± SEM from 5–15 mice per group. ***p < 0.001, **p < 0.01, *p < 0.05.
p values > 0.05 are indicated by ‘‘ns’’ (nonsignificant). See also Figure S5.
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is thought to be after other routes of infection (Ladel et al., 1994;
Harty et al., 1992; Sprent, 2002). However, anti-Cd treatment in
combination with CD4+ and CD8+ T cell depletion resulted in a
substantially greater loss of protection in both the MLNs and
the intestines (Figure 6). Indeed, depletion of CD4+ and CD8+
T cells in conjunction with gd T cell TCR internalization reduced
protective capacity to that seen in the small intestine of naive
mice. This result suggests that the protective capacity of Lm-eli-
cited gd T cells is dependent on surface TCR expression. Mem-
ory Vg4+ T cells are the likely gd subset responsible for protection
given that mAb treatment directed against Vg1.1 and Vg2 TCRs
in conjunction with CD4 and CD8 depletion did not lead to a
greater loss of protection (Figure 6). Together, these data
demonstrate that gd and ab T cells collaborate to provide protec-
tive immunity in the intestinal mucosa and that this protection
appears dependent on TCR expression on gd T cells.
DISCUSSION
Here, we have identified a population ofmurine gd T cells that are
distinct from previously described subsets and whose charac-
teristics reflect the hallmarks of adaptive ab T cells and resemble
pathogen-specific IL-17-producing human gd T cell subsets
(Caccamo et al., 2011; Fenoglio et al., 2009; De´chanet et al.,
1999). As noted in humans and primates, gd T cells appear to
have the capacity to form memory populations (Shen et al.,
2002; Ryan-Payseur et al., 2012). However, their functional sig-
nificance and contribution to protection in vivo have not been
examined, and there are currently no workable murine models
for examining similar populations of gd T cells. We have identified
a murine model in which IL-17-producing pathogen-specific gd
T cells behave similarly to what was observed for primate gd
T cells. We have used this model to identify a protective subsetof gd T cells capable of simultaneous production of IL-17A and
IFN-g. In response to oral Lm infection, a population of CD27
CD44hi gd T cells was able to form a multifunctional memory
population with the capacity to rapidly respond to a specific sec-
ondary infection and provide protection in collaboration with
their ab T cell memory counterparts. The gd T cell response
to Lm infection demonstrated a clear progression of primary
effector cells to memory cells and subsequently to secondary
effectors with unique cytokine and transcriptional profiles.
The memory gd T cells displayed contextual specificity to the
priming pathogen, highlighting their significance in mucosal im-
munity. Defining the specificity of gd T cells has been a largely
intractable process over the past two decades. To begin to
address specificity in our system, we first examined the ability
to recall orally primed Lm-immune mice with a secondary i.v.
Lm infection. Interestingly, i.v. rechallenge failed to induce
expansion of Lm-elicited gd T cells. Given that the majority of
T cell priming following i.v. infection with Lm occurs in the spleen
with little contribution from lymph node T cells (Klonowski et al.,
2006), it might not be surprising that Lm-elicited MLN-derived gd
T cells did not proliferate in response to an i.v. infection. Path-
ogen products alone are capable of inducing IL-17 production
from CCR6+ gd T cells dependent on pattern-recognition recep-
tors (Martin et al., 2009). Thus, PAMPs induce expression of IL-
1b and IL-23, which are capable of inducing IL-17A expression
even in the absence of TCR signals (Sutton et al., 2009). Both
oral and i.v. Lm infections resulted in elevated bacterial burden
and therefore PAMPs in the liver. Yet, liver memory gd T cells
failed to expand after i.v. rechallenge. Together with the induc-
tion of a4b7 on responding gd T cells, these data suggest that
mucosal APCs are required in driving memory gd T cell
reactivation.
To further examine specificity, we challenged oral Lm-
immune mice with S. typhimurium. After oral infection with
S. typhimurium, MLN-derived APCs are capable of inducing
expansion of memory CD8+ T cells (Jones-Carson et al., 2007).
Importantly, both S. typhimurium and Lm infections induce
expansion of human Vg9+ T cells (Hara et al., 1992; Ryan-
Payseur et al., 2012). Primate Vg9+Vd2+ T cells responding to
Mycobacterium tuberculosis, Yersina enterolitica, Escherichia
coli, and Lm recognize the pyrophosphate metabolite (E)-4-
hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP) (Puan
et al., 2007; Begley et al., 2004; Ryan-Payseur et al., 2012), which
is also produced by S. typhimurium (Cornish et al., 2006). How-
ever, challenge infection of Lm-immune mice with a high dose of
an attenuated S. typhimurium strain (BRD509) or the highly
virulent S. typhimurium parental strain (SL1344) failed to induce
expansion of memory gd T cells. Taken together, these results
indicate, at the very least, contextual specificity to the priming
pathogen.
To date, murine IL-17-producing gd T cells have not been
reported to demonstrate the type of plasticity that is evident in
CD4+ T cell subsets, such as the ability of IL-17-producing
CD4+ T cells to produce IFN-g or IL-10 (Abromson-Leeman
et al., 2009; Zielinski et al., 2012). Identifying gd T cells capable
of producing both IL-17Aand IFN-gwithout in vitromanipulations
has only convincingly been demonstrated for primate gd T cells
(Poggi et al., 2009; Fenoglio et al., 2009; Ryan-Payseur et al.,
2012), and our results now extend this phenomenon to murineImmunity 39, 184–195, July 25, 2013 ª2013 Elsevier Inc. 191
Immunity
Mucosal Memory gd T Cells to Oral Lm Infectiongd T cells. Similarly to IFN-g+ IL-17+ gd T cells from HIV-infected
individuals, Lm-elicited memory gd T cells coexpressed the
canonical transcriptional regulators RORgt and T-bet. The
precise lineage relationships between the cytokine-producing
Lm-elicited gd T cell subsets transitioning from effectors to
memory cells and subsequent secondary effectors remain un-
clear. On the basis of T helper 17 cell plasticity that leads to the
acquisition of IFN-g production (Nistala et al., 2010; Hirota
et al., 2011; Huber et al., 2011), it might be likely that gd T cells
develop first into IL-17A producers and receive environmental
queues to instruct IFN-g production, but fate-mapping experi-
ments are needed.
gd T cells have been reported to play dichotomous roles after
Lm infection via non-oral routes. On one hand, they can pro-
duce IL-10 and regulate CD8+ T cell responses limiting immuno-
pathology in the liver (Mombaerts et al., 1993; Rhodes et al.,
2008; Fu et al., 1994). On the other hand, they can also protect
against primary infection at least in part by the production of IL-
17A (Hamada et al., 2008b), and in the early response, Vg2+
cells produce IL-10 and IL-17A (Hamada et al., 2008b; Rhodes
et al., 2008). However, as the response progresses, Vg4+Vd1+
cells produce IL-17A and Vd1/ mice are more susceptible to
infection (Hamada et al., 2008a). Moreover, after i.v. infection,
gd T cells are sufficient for protection in Tcra/ or Tcrb/
mice, whereas protection following a secondary infection is pre-
dominately provided by ab T cells but also involves gd T cells
(Mombaerts et al., 1993). In our case, depletion of CD4+ and
CD8+ T cells resulted in only a modest loss of protection after
secondary infection, and treatment with only anti-Cd had little
effect. However, after combined treatments, a substantial loss
of protection was observed in the intestines and MLNs, and
this effect was attributable to Vg4+ T cells. gd T cells can pro-
vide effector functions without TCR engagement (Sutton et al.,
2009), and treatment with anti-Cd results in internalization of
the TCR rather than gd T cell depletion (Koenecke et al.,
2009). However, our results indicate that the protective role of
gd T cells is most likely TCR dependent. Both IL-17A and
IFN-g are important for protection from Lm infection (Harty
and Bevan, 1995; Tripp et al., 1994; Hamada et al., 2008b;
Meeks et al., 2009) in that IL-17A induces neutrophil recruitment
(Meeks et al., 2009; Tam et al., 2012; Dejima et al., 2011) and
IFN-g orchestrates the early innate immune response (Kang
et al., 2008). Whether similar events occur after oral infection
is currently under study.
These studies have outlined an orchestrated mucosal gd
T cell immune response akin to the ab response. Although
memory gd T cells have been noted in primates, the murine
equivalent was lacking and thus hindered experimentation that
could provide insight into their roles in human diseases (Pang
et al., 2012). Our findings suggest that murine memory gd
T cells closely resemble human pathogen-specific Vg9+Vd2+
T cells. These Lm-elicited gd T cells were maintained long
term and responded to secondary infection with robust prolifer-
ation and effector functions, including simultaneous production
of IFN-g and IL-17A. Memory gd T cells contributed extensively
to protection from a secondary oral infection, highlighting their
importance at mucosal surfaces. Mucosal vaccine design might
benefit from targeting such nontraditional memory lymphocyte
populations.192 Immunity 39, 184–195, July 25, 2013 ª2013 Elsevier Inc.EXPERIMENTAL PROCEDURES
Mice
Female Balb/cJ mice were purchased from The Jackson Laboratory (Bar Har-
bor) and were maintained in specific pathogen-free conditions. Six- to twelve-
week old age-matched mice were used for experiments. TCRd H2B eGFP
mice were obtained from I. Prinz (Hannover Medical School) and have been
described previously (Koenecke et al., 2009). All animal experiments were con-
ducted in accordance with the University of Connecticut Health Center Institu-
tional Animal Care and Use Committee and National Institutes of Health
guidelines.
Bacteria and Infections
Lm strain EGDe, carrying a recombinant InlA with a mutation in S192N and
Y369S, has been described in detail previously (Wollert et al., 2007) and was
used for most infections. All mice were deprived of food and water for 4 hr
prior to infection, housed individually with minimal bedding, and given an
approximately 0.5 cm3 piece of bread inoculated with 2 3 109 (primary)
or 2 3 1010 (secondary) colony-forming units (CFU) of Lm in PBS. Naive
mice were sham infected with bread inoculated with PBS. In experiments
designed to quantify bacterial burden (Figure 4), a recombinant Lm strain
10403s InlA mutant naturally resistant to streptomycin was used for primary
(2 3 109 CFU) and secondary (2 3 1010 CFU) infections. Generation of an
InlA mutant on Lm strain 10403s was performed as described previously
(Xayarath et al., 2009). Mice infected with S. typhimurium strain BRD509
(attenuated aroA and aroD mutant strain) or SL1344 (the pathogenic strain
from which BRD509 was derived) were infected via consumption of bread
inoculated with 2 3 1010 or 5 3 107 CFU, respectively, as described above
(kindly provided by S.J. McSorley). An oral infectious dose of 5 3 107 CFU
for SL1334 was 10-fold higher than the LD50 described for oral infections of
Balb/c mice (Leung and Finlay, 1991).
Tissue Preparation
Single-cell suspensions were prepared from MLNs, pLNs (consisting of the
axillary, brachial, and inguinal lymph nodes), IELs, and the LP as previously
described (Sheridan and Lefranc¸ois, 2012). Live cells were enumerated from
single-cell suspensions with the use of a Vi-CELL Cell Viability Analyzer (Beck-
man Coulter).
Flow Cytometry
Cell suspensions were stained on ice for 30 min in the dark with various com-
binations of directly fluorochrome-conjugated antibodies purchased from Bio-
legend or eBiosciences. 17D1 was used for identifying Vg4Vd1-expressing
T cells as described previously (Roark et al., 2004). After staining, cells were
fixed for 20 min with 2% paraformaldehyde. In some cases, intracellular anti-
gens were characterized after surface staining. For the identification of T-bet
(Biolegend; 4B10) and RORgt (eBiosciences; AFKJS-9), cell staining and per-
meabilization were performed according to the permeabilization protocol of
the BrdU Flow Kit (BD). For the identification of granzyme B, cells were per-
meabilized and fixed with Cytofix/Cytoperm buffer (BD) for 20 min on ice
and then stained with an antibody specific to granzyme B (GB11; BD) in per-
meabilization buffer (BD) for 30 min on ice. MHC class I tetramer staining for
the identification of LLO91–99-K
d-specific T cells was performed at ambient
temperature for 1 hr. For all samples, acquisition was performed on a LSR II
flow cytometer (BD), and data were analyzed with either BD FACSDiva (BD)
or FlowJo (TreeStar) software.
In Vitro Stimulations
Cell suspensions of MLNs were incubated with brefeldin A in RPMI 1640 sup-
plemented with 10% fetal bovine serum, L-glutamine, gentamycin, penicillin,
and streptomycin. Cells were stimulated with Dynabeads Mouse T-activator
CD3/CD28 (Life Technologies) according to the manufacturer’s instructions.
Alternatively, cells from Lm-immune Thy1.2 mice or Lm-immune Thy1.2
mice 5 days after a secondary oral Lm infection were stimulated with an equal
number of MLNs from Thy1.1 congenic mice (either naive, 2 dpi, or 2 dpi mice
magnetically depleted of MHC-II-expressing cells). All stimulations were
performed at 37C and 5% CO2 for 5 hr in the presence of brefeldin A.
Cells were then surface stained as described above and treated with
Immunity
Mucosal Memory gd T Cells to Oral Lm InfectionCytofix/Cytoperm buffer (BD) for 30 min on ice. Cells were incubated with an-
tibodies specific to IFN-g (XMG1.2; Biolegend) and IL-17A (TC11-18H10.1;
Biolegend) in permeabilization buffer (BD) for 30 min on ice.
In Vivo Antibody Treatments
Mice were given intraperitoneal (i.p.) injections with the indicated combina-
tions of 500 mg anti-CD8a (2.43; Bio X Cell), 200 mg anti-CD4 (GK1.5; Bio X
Cell), 100 mg anti-Cd TCR (GL4), 100 mg anti-Vg1.1 (2.11; Biolegend), and
100 mg anti-Vg2 (UC3-10A6; Biolegend) on days 3, 1, and +1 relative to
recall infection.
BrdU Incorporation
Mice were given i.p. injections of 100 mg BrdU on days 6 and 7 postinfec-
tion, and MLNs were harvested on day 8 postinfection. Incorporation of
BrdU into the dividing cells’ DNA was determined per the manufacturer’s
guidelines (BD).
Bacterial Quantification
MLNs were mechanically dissociated through a 70 mm filter. Small intestines
were flushed with RPMI 1640 for the removal of luminal contents and were
mechanically dissociated with a gentleMACS Dissociater. All tissues were
treated with 1% saponin (Calbiochem) for 1 hr at 4C, and serial dilutions
were plated on Brain Heart Infusion agar plates supplemented with 50 mg/ml
streptomycin. Individual colonies were counted after 2 days at 37C.
RT-PCR and Sequencing
Nine days postinfection, MLNs were depleted of MHC II+ CD4+ CD8+ cells by
MACS negative selection according to the manufacturer’s protocol (Miltenyi
Biotec). CD27 CD44hi gd T cells and Vg1.1, Vg2, Vg3, and Vg5 gd T cells
were sorted from the enriched population on a FACS Aria II (BD). RNA from
sorted cells was purified by Trizol (Life Technologies) and treated with DNA-
free DNase (Life Technologies). cDNA was generated by RT-PCR with the
use of iSuperscript (Bio-Rad). PCR amplification of cDNA was carried out
with previously reported TCR gamma and delta chain primers (Takagaki
et al., 1989) with HIFI Platinum Taq polymerase (Life Technologies), and these
primers were cloned into TOPO vectors (Life Technologies) for isolation. DNA
from single colonies was extracted with QIAprep Miniprep (QIAGEN). DNA
sequences from cloned inserts were obtained fromGeneWiz (South Plainfield),
and sequence alignments were performed with Geneious software. Canonical
and noncanonical sequences were discriminated as reported before (Roark
et al., 2004).
Statistical Analysis
AMann-Whitney test was used for comparison of bacterial quantification data
sets with the use of Prism 5 (GraphPad).
SUPPLEMENTAL INFORMATION
Supplemental Information includes five figures and can be found with this
article at http://dx.doi.org/10.1016/j.immuni.2013.06.015.
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